Background: The use of molecular diagnostic techniques for the evaluation of the impact of pneumococcal conjugate vaccines (PCVs) has not been documented. We aimed to evaluate the impact of PCVs on invasive pneumococcal disease (IPD) using polymerase chain reaction (PCR)-based techniques and compare with results obtained from culture-based methods. Methods: We implemented two independent surveillance programs for IPD among individuals hospitalized at one large surveillance site in Soweto, South Africa during 2009-2012: (i) PCR-based (targeting the lytA gene) syndromic pneumonia surveillance; and (ii) culture-based laboratory surveillance. Positive samples were serotyped. The molecular serotyping assay included targets for 42 serotypes including all serotypes/serogroups included in the 7-valent (PCV-7) and 13-valent (PCV-13) PCV. The Quellung reaction was used for serotyping of culture-positive cases. We calculated the change in rates of IPD (lytA-or culture-positive) among HIV-uninfected children aged <2 years from the year of PCV-7 introduction (2009) Rates of lytA-positive non-vaccine serotypes/serogroups also significantly decreased (−71.7 %; 95 % CI: −81.1 % to −58.5 %) over the same period. Such decline was not observed among the culture-positive non-vaccine serotypes (1.2 %; 95 % CI: −96.7 % to 58.4 %).
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Conclusions: Significant downward trends in IPD PCV-7 serotype-associated rates were observed among patients tested by PCR or culture methods; however trends of non-vaccine serotypes/serogroups differed between the two groups. Misclassifications of serotypes/serogroups, affecting the use of non-vaccine serotypes as a control group, may have occurred due to the low performance of the serotyping assay among lytA-positive cases with high Ctvalues. Until PCR methods improve further, culture methods should continue to be used to monitor the effects of PCV vaccination programs on IPD incidence.
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Background
Every year pneumococcal disease results in ≈ 600,000 deaths among children <5 years of age globally, with the majority of deaths occurring in Africa [1] . While over 90 Streptococcus pneumoniae serotypes have been identified [2] , approximately 20 are responsible for the majority of invasive pneumococcal disease (IPD) [3] . The direct and indirect effects of the pneumococcal conjugate vaccines (PCVs), which target the most common serotypes associated with IPD, have been documented in several highincome countries [4] [5] [6] [7] .
In 2009, South Africa introduced the 7-valent PCV (PCV-7) into its routine infant immunization program using a schedule of vaccination at 6 and 14 weeks and a booster dose at 9 months [4] . PCV-7 was replaced by the 13-valent PCV (PCV-13) in April 2011 [4] . The benefit of the introduction of PCV-7 and subsequently PCV-13 have been documented in South Africa using data from a nationwide, laboratory-based IPD surveillance program [4] . IPD cases were detected through the identification of S. pneumoniae from cultured specimens that were subsequently serotyped using the Quellung reaction [5] .
The determination of pneumococcal serotypes is key to assess the effects of PCVs, including decreases in PCV serotypes and potential non-PCV serotype replacement following the use of the vaccine over time. With PCVs being progressively introduced into the routine infant immunization programs of several low-and middleincome countries [6] , serotype-specific pneumococcal surveillance is key to assess the impact of the vaccine in diverse settings.
Culture remains the gold standard for the identification of the organism while the Quellung reaction remains the gold standard for serotype determination from available isolates. Nonetheless, culture, while highly specific, has low sensitivity, requires long incubation periods and is not commonly available in many low-income countries [7] . In addition, antibiotic therapy prior to specimen collection or suboptimal culturing conditions may reduce the yield of cultures [8, 9] .
Polymerase chain reaction (PCR)-based methods targeting pneumococcal specific genes, such as lytA, have resulted in improved and timely diagnosis of pneumococcal diseases [10] [11] [12] . Such methods can be easily implemented where molecular diagnostic capacity exists and could become an alternative diagnostic tool in settings where culture capacity is lacking or suboptimal. Nonetheless, the use of molecular diagnostic techniques for the evaluation of the impact of PCVs against IPD has not been documented.
We aimed to evaluate the impact of PCVs on IPD using PCR-based methods at one large surveillance site in South Africa from 2009 through 2012, and compare these results with those obtained from culture-based methods.
Methods

Description of the surveillance programs
The Severe Acute Respiratory Illness (SARI) program (PCR-based syndromic surveillance)
We conducted active, prospective, syndromic, hospitalbased surveillance at Chris Hani-Baragwanath Academic Hospital (CHBAH) from February 2009 through December 2012. This hospital is the only public hospital serving a well-defined community (Soweto, Gauteng Province) of about 1.4 million people in 2012 [13] from which rates of hospitalizations can be estimated [14, 15] . We aimed to test all enrolled individuals with lytA real-time PCR on whole blood. For the SARI program a case of bacteremic pneumococcal pneumonia (BPP) was defined as the identification of S. pneumoniae in blood specimens using a single-target (lytA) quantitative real-time PCR assay adapted from Carvalho et al. [16] . lytA-positive specimens (cycle threshold (Ct)-value < 40) were serotyped by realtime PCR using an adaption of the method described by Azzari et al. [17] . The molecular serotyping assay included targets for 42 serotypes including all serotypes/serogroups included in PCV-7 and PCV-13 PCV (see Supplementary Material for Additional file 1). DNA extraction was performed using the Roche MagNA Pure LC 1. Data on active, laboratory-based IPD surveillance conducted under the GERMS program at CHBAH were included in this study. For the GERMS program, IPD cases were defined as hospitalized persons from whom S. pneumoniae was cultured from specimens that are normally sterile (e.g., cerebrospinal fluid (CSF), blood or joint fluid). Cultures were taken as clinically indicated by attending clinical staff. Strains were serotyped by the Quellung reaction targeting 93 serotypes [5] .
The study and laboratory procedures of the SARI and GERMS programs have been previously described [4, 14, 15, 18] and are summarized in Additional file 1. While the SARI and GERMS surveillance programs were implemented independently, co-enrolment of patients was possible. This would have been in instances when a patient tested positive for S. pneumoniae on culture locally, but also meet the SARI case definition. In addition, while the GERMS program only enrolled patients with S. pneumoniae-positive culture results, results of any blood culture (including negative results) taken routinely on-site were collected under the SARI program. These culture were taken as clinically indicated by attending clinical staff. Fig. 1 provides the enrolment of cases under the SARI and GERMS programs, including coenrolment.
Written informed consent was obtained from all cases who were 18 years of age and older. Proxy informed consent was obtained from parents or legal guardians of minors.
Statistical analysis
We implemented a 3-stage analysis whereby stage-1 and −2 analyses were conducted to inform the interpretation of results of the main analysis in stage 3. The analytical approach for each analysis is described in Additional file 1. The analysis was implemented using Stata 13.1 (StataCorp®, Texas, USA).
Stage-1 analysis: proportion of serotypable samples by lytA Ct-value among lytA-positive patients with SARI
In the stage-1 analysis we evaluated the proportion of serotypable samples by lytA Ct-value among the lytApositive SARI samples obtained from patients of any age (Fig. 1) . We conducted this analysis because we suspected that lytA-positive samples with high Ct-values would be associated with a low performance of the molecular serotyping assay as previously reported [19] .
Stage-2 analysis: factors associated with increasing Ctvalues among lytA-positive patients with SARI
In the stage-2 analysis we evaluated factors associated with increasing Ct-values among lytA-positive SARI patients of any age (Fig. 1) . We conducted this analysis because in the stage-1 analysis we observed a low performance of the serotyping assay for lytA-positive samples with high Ct-values. Variable performance of the serotyping assay could impact the interpretation of the trend analysis of BPP cases by vaccine serotypes The aim of the study was to assess the feasibility of evaluating the impact of PCVs using PCR-based methods, and therefore, for the main analysis we focused on HIV-uninfected children <2 years of age (Fig. 1) . This group was chosen because it is directly vaccinated and the effectiveness of PCV has been well documented in several countries [20] [21] [22] [23] , including South Africa [4] .
To assess the trends of BPP over time we calculated the annual rate of lytA-positive SARI hospitalizations overall and by PCV-7, additional PCV-13 and nonvaccine serotypes/serogroups during 2009-2012. We assessed the impact of the introduction of PCV-7 and PCV-13 by calculating the reduction in rates of BPP (expressed as percentage reduction with associated 95 % confidence intervals) between the post-vaccine years (2011 or 2012) and the year of introduction of PCV (2009). A similar trend analysis was implemented using the culture-positive cases. Rates were expressed per 100,000 person-years.
Ethical approval
The SARI protocol was approved by the University of the Witwatersrand Human Research Ethics Committee (M081042) and the University of KwaZulu-Natal Biomedical Research Ethics Committee (BF157/08). The GERMS protocol was approved by the research ethics committee of the University of the Witwatersrand (M081117).
Results
Description of SARI cases
From February 2009 through December 2012, 8,050/ 11,528 (69.8 %) of SARI cases enrolled at CHBAH were tested for whole blood lytA, of which 613 (7.6 %) were lytA-positive ( A culture result was available for 2,950/11,528 (25.6 %) SARI cases, of which 69 (2.3 %) tested positive for S. pneumoniae. Among the 1599 SARI cases with both lytA and culture results available, 179 (11.2 %) tested positive in at least one of the assays. Of these, 170 (95.0 %) and 51 (28.5 %) specimens tested positive for lytA and culture, respectively; 128 (71.5 %) cases tested positive for lytA alone, 9 (5.0 %) for culture alone and 42 (23.5 %) for both lytA and culture. The detection rate was 10.6 % (170/1599) and 3.2 % (51/1599) for lytA and culture, respectively (p < 0.001).
Among the 607/613 (99.0 %) lytA-positive samples that were tested with the serotyping assay, 166 (27.3 %) had available culture results and 42 (25.3 %) tested positive for S. pneumoniae; 16/29 (55.2 %), 11/33 (33.3 %) and 15/104 (14.4 %) among samples with lytA Ct-value of ≤30, 31-34 and ≥35, respectively (p < 0.001). Among the 42 cases that tested positive in both assays, a serotype could be identified in 36 (85.7 %) cases; 32 (76.2 %) cases using the Quellung reaction and 26 (61.9 %) cases using the molecular serotyping assay. A serotype could be identified by both assays in 22/36 (61.1 %) cases. Among these, the same serotype/serogroup was identified by both assays in 21 (95.5 %) cases. A serotype could be identified by the Quellung reaction, but not by the molecular serotyping assay in 10/36 (27.8 %) cases. Of these, 8 (80.0 %) were serotypes/serogroups included in the molecular serotyping assay, of which 7 (87.5 %) had a lytA Ct-value ≥35 and 1 (12.5 %) had a lytA Ctvalue of 34. All of them were PCV-7, PCV-13 or 6A serotypes. A serotype/serogroup could be identified by the molecular serotyping assay, but not by the Quellung reaction in 4/36 (11.1 %) cases. The characteristics of the 36 cases for which a serotype/serogroup was identified are provided in Table 1 .
Stage-1 analysis: proportion of serotypable samples by lytA Ct-value among lytA-positive patients with SARI Of the 607 lytA-positive SARI samples that were tested with the serotyping assay, a serotype/serogroup included in the assay was detected in 279 (46.0 %) samples. Among these, the most frequently detected serotypes/ (Table 3) .
Stage-3 analysis: time-trends of BPP (lytA-positive) and IPD (culture-positive) among HIV-uninfected children <2 years of age
The proportion of PCV serotypes/serogroups among lytA-positive (SARI) and culture-positive (GERMS) cases is provided in Additional file 1 (Table S1 and Figure S1 ). Overall from 2009 to 2012, among HIVuninfected children <2 years of age a reduction in rates of −64.0 % (95 % CI: −72.9 % to −52.6 %) was observed among lytA-positive cases compared to −66.8 % (95 % CI: −81.2 % to −43.8 %) among culture-positive cases (Table 4) . Over the same period, rates of PCV-7 serotypes/serogroups decreased −63. serotypes/serogroups mimicked closely those of PCV-7 serotypes/serogroups and the rates of non-vaccine serotypes/serogroups were consistently higher than those of PCV-7 and PCV-13 serotypes/serogroups even during the year of vaccine introduction (2009) (Fig. 3a) . This was not observed for culture-positive cases (Fig. 3b ). An increase in rates of lytA-positive cases was observed from 2011 to 2012 for all PCV categories (Table 4 and Fig. 3a) , while this was not observed among culturepositive cases for which declines in PCV-7 and PCV-13 were observed (Table 4 and Fig. 3b) .
From 2009 to 2011, the time-trends and the proportional decrease in rates of PCV-7 serotypes/serogroups was similar among lytA-positive (−80.9 %; 95 % CI: −90.9 % to −62.9 %) and culture-positive (−83.2 %; 95 % CI: −94.2 % to −59.5 %) cases (Table 4 and Fig. 3a and  b) . The sharpest decline of PCV-7 serotypes/serogroups was observed from 2009 to 2010 for both lytA- (Fig. 3a) and culture-positive cases (Fig. 3b) . Among lytA-positive cases a sharper decline was observed between 2009 and 2010 for non-vaccine serotypes/serogroups (−76.8 %; 95 % CI: −81.3 % to −69.2 %) compared to PCV-7 serotypes/serogroups (−53.2 %; 95 % CI: −64.7 % to −41.6 %).
Discussion
We expected that the introduction of PCV into our national immunization program would lead to declines in pneumococcal disease, especially vaccinetype disease among the vaccinated population. This has been shown from surveillance data using traditional culture-based methods [4, [20] [21] [22] [23] , and the expectation was that this would also be seen in surveillance using newer molecular techniques. Overall, using both PCR-and culture-based methods we reported a significant decline of BPP or IPD rates during the early years of PCV-7 introduction among HIV-uninfected children <2 years of age in Soweto. Nonetheless, the PCR-based results would have been difficult to interpret in the absence of culture-based data because molecular methods showed a decline in vaccine-type as well as non-vaccine-type disease and laboratory testing results were sensitive to the bacterial load and equipment used.
As expected and previously reported [4] , rates of lytAand culture-positive PCV-7 serotypes/serogroups significantly declined over the study period (stage-3 analysis), probably owing to the progressive effect of the introduction of PCV-7 into the routine infant immunization program. Nevertheless, rates of lytA-positive non-vaccine serotypes, which should not be impacted by the use of PCV-7, unexpectedly also significantly decreased and were consistently higher than those of PCV-7 and PCV-13 over the study period. Consistent with previous studies [20] [21] [22] [23] , including data from South Africa [4] , this was not observed for culture-positive cases.
In the stage-1 analysis, we observed a significant reduction of the proportion of serotypable samples (i.e., positive for one of the serotypes/serogroups detected by the serotyping assay) among lytA-positive cases with Ctvalues ≥35 as previously reported [19] . The low performance of the serotyping assay among lytA-positive cases with high Ct-values could result in the misclassification of the PCV serotypes/serogroups as non-vaccine types (non-vaccine serotypes/serogroups including samples negative for the 42 serotypes detected by the serotyping assay: Neg42) as observed among cases with available serotype results from both molecular-and culture-based methods. This could potentially explain the high rates and the downward trends observed in the non-vaccine serotype group (stage-3 analysis). The significant positive association of non-vaccine compared to PCV-7 serotypes/serogroups with increasing Ct-values (stage-2 analysis) increases the plausibility of this hypothesis. In addition, the fact that the time-trends of non-vaccine serotypes/serogroups among any lytA-positive cases (Ctvalue <40) mimicked closely those of PCV-7 serotypes/ serogroups (stage-3 analysis) further suggests that, while lytA-positive samples with Ct-values ≥35 could not be accurately serotyped and hence were classified as Neg42, they were probably true cases that included misclassified PCV serotypes/serogroups. Of note is that the proportion of vaccine and nonvaccine serotypes/serogroups was similar among culture-positive and lytA-positive cases with Ct-value <35 (Additional file1). This further suggests that more reliable molecular serotype results can be obtained from samples with lytA Ct-values <35 as observed in the stage-1 analysis. In addition, it appears that non-vaccine serotypes potentially included in the PCV-7 (9A/L/N, 18A/B and 19B) and PCV-13 (7A) categories (as a result of potential misclassification of non-vaccine serotypes as vaccine serotypes within serogroups) did not significantly alter the proportion of vaccine and non-vaccine categories compared to serotype-specific culture results. The nonvaccine serotypes potentially misclassified as vaccine types in this study accounted for <1 % of the overall burden of IPD in previous studies conducted in South Africa [4] .
Nonetheless, in our study only ≈ 33 % of all lytA-positive samples had a Ct-value <35, hindering our ability to implement a trend analysis using more conservative Ctvalue cut-offs, especially when focusing on specific age and HIV-serostatus groups. While the overall number of Table 4 Rates of bacteremic pneumococcal pneumonia (SARI program -lytA-positive) and invasive pneumococcal pneumonia (GERMS program -culture-positive) among HIV-uninfected children <2 years of age hospitalized at Chris Hani-Baragwanath Academic Hospital, Soweto, South Africa, 2009-2012. The odds ratio of the proportional-odds model measures the effect of a predictor on the odds of being above a specified level, compared with the odds of being at or below the specified level lytA-positive cases obtained in our study was well above the number of cases needed to significantly estimate a decline in PCV serotypes using population based methods [24] , this was not the case when restricting the analysis to lytA-positive cases with Ct-value <35.
A significantly higher decline of non-vaccine compared to PCV-7 serotypes/serogroups was observed from 2009 to 2010 potentially owing to the combined effect of the reduction of PCV-7 serotypes/serogroups misclassified in the non-vaccine category as well as the use of the Roche MagNA Pure LC 2.0 extraction instrument from February 2010. In the stage-2 analysis the use of the Roche MagNA Pure LC 2.0 compared to the Roche MagNA Pure LC 1.0 instrument for DNA extraction was significantly less associated with increasing lytA Ctvalues. This suggests that the use of a better extraction instrument would increase the proportion of lytA-positive samples with low Ct-values and consequently increase their likelihood to be correctly serotyped using the serotyping assay (stage-1 analysis). This would result In 2012, the detection rate of lytA-positive cases doubled following the introduction of the new instrument potentially resulting in the rate increase observed from 2011 to 2012, whereas this was not observed among culturepositive cases. This highlights the importance of standardization of procedures over time for time-trend analysis purposes. Nonetheless, while the standardization of methods across the study period is key to avoid the introduction of biases, this may conflict with the use of rapidly evolving technology and the need to upgrade laboratory equipment over time.
In the stage-2 analysis, besides the use of different extraction instruments and the non-vaccine serotypes/ serogroups, factors negatively associated with increasing Ct-values were HIV infection and in-hospital death. The lytA Ct-value provides a semi-quantitative measure of the pneumococcal load, with lower Ctvalues indicative of higher load and vice-versa. The association of high pneumococcal load among lytApositive cases with HIV infection and in-hospital deaths has been previously reported [18] .
Among lytA-positive samples with available culture results the proportion of culture-positive samples decreased with increasing lytA Ct-values, and was only ≈ 55 % even among lytA-positive samples with Ct-values ≤30. This highlights the usefulness of the use of PCRbased methods for improved diagnosis of pneumococcal disease as previously reported [10] [11] [12] .
Our study has limitations that warrant discussion. First, we did not have lytA data for years prior to the introduction of PCV-7 and our data were limited to one large surveillance site in the country. Nonetheless, data from nationwide culture-based surveillance reported downward trends of IPD PCV-7-associated rates [4] similar to those reported in this analysis. Second, we did not systematically test all enrolled patients using PCRand culture-based methods hindering our ability to directly compare results from the same group of patients. Nonetheless, the proportion of vaccine and non-vaccine type disease was similar between syndromes (i.e., meningitis, bacteremic pneumonia and bacteremia without focus) among South African children <5 years of age during the pre-vaccine era [25] and there was no statistically significant difference in the proportion of vaccineand non-vaccine-type disease between blood-and CSFpositive specimens among HIV-uninfected children <2 years of age in this study. Last, the molecular serotyping assay targets only 42 serotypes/serogroups leaving uncertainty about the lytA-positive samples that tested negative for the 42 targets.
Conclusions
In conclusion, in our setting the overall downward trends in IPD PCV-7 serotypes-associated rates were similar among patients tested with PCR-or culturebased methods; however trends of non-vaccine serotypes/serogroups differed between the two groups. While PCR-based methods could be used to assess trends of PCV-7 serotypes/serogroups the misclassifications observed in this study affected the use of nonvaccine types as a control group. Such misclassifications could also potentially hinder the ability to assess serotype replacement following the use of PCVs over time. These findings suggest that current molecular methods alone may not be sufficient to monitor the impact of PCV unless standardized procedures and equipment are used throughout the study period and large populations are systematically surveyed to allow time-trend analysis using more restrictive Ct-value cut-offs. If the results of this study are confirmed in other settings, the development of improved molecular serotyping assays would enhance serotype-specific pneumococcal surveillance using PCR-based methods. Improvements of the molecular serotyping assays would entail increased sensitivity and inclusion of targets for all serotypes/serogroups.
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